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ABSTRACT 
The continuing increase of routinely available computing power now allows optimization 
based on the use of objective functions including time domain simulations of vehicle dynamics. 
This dissertation uses commercially available code in this way to gain insight into perturbations 
of the roll-inducing vehicle tests designed by the National Highway Traffic Safety Administra-
tion. It then develops much faster code for the purpose of examining a more general set of 
steering controls with the goal of very large transient lateral load transfer. These optimizations 
indicate that the NHTSA procedures are well suited to meet their goals. The Conclusion and 
Future Work chapter indicates that the techniques presented here are applicable to a wide 
array of other vehicle dynamics problems. 
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CHAPTER 1. Introduction 
The continuing increase of routinely available computing power now allows optimization 
based on the use of objective functions including time domain simulations of vehicle dynamics. 
This dissertation uses commercially available code in this way to gain insight into perturbations 
of the roll-inducing vehicle tests designed by the National Highway Traffic Safety Administra­
tion. It then develops much faster code for the purpose of examining a more general set of 
steering controls with the goal of very large transient lateral load transfer. These optimizations 
indicate that the NHTSA procedures are well suited to meet their goals. The Conclusion and 
Future Work chapter indicates that the techniques presented here are applicable to a wide 
array of other vehicle dynamics problems. 
Chapter Two presents the rollover problem in terms of fatality statistics based on national 
traffic accident data. It describes the NHTSA's star rating system along with the develop­
ment and reasoning behind the agency's adopted dynamic test, the NHTSA roll rate feedback 
fishhook maneuver. 
Chapter Three presents the implementation of the NHTSA roll rate feedback fishhook nia-
neuvcr with the commercially available VDANL vehicle dynamics simulation. With a VDANL-
based objective function and extensive databases for a passenger car and an SUV, optimization 
techniques examine the sensitivity of the steering amplitude and dwell times inherent in the 
NHTSA maneuver. Run times indicate that addressing a larger search space in reasonable 
clock time requires a faster vehicle simulation. 
Chapter Four introduces the digital optimization model, so-called DOM, which trades off 
some of the fidelity of VDANL for much faster execution times. Comparison with VDANL 
runs from the previous chapter indicate substantial agreement between the simulations for the 
2 
NHTSA maneuver. 
Addressing a more robust set of potential steering commands to induce rollover, Chapter 
Five uses steering commands based on coefficients of a Fourier series. It uses the Fourier-based 
steer in an optimization over amplitudes and frequencies. Results indicate only modestly 
increased load transfer than the DOM simulation of NHTSA tests. VDANL application of 
DOM-derived Fourier-based steer also showed increased load transfer compared to VDANL 
simulations of the NHTSA tests. 
Chapter Six presents conclusions and comments on future work. 
3 
CHAPTER 2. Background 
This chapter describes the history of rollover problems and the steps taken by the National 
Highway Administration to address it. 
2.1 Importance of Rollover 
According to the Transportation Research Board [8] during the year 1999 in the United 
States more than 10,000 people were killed in light-vehicle 1 rollover accidents. This is more 
than 25% of the total number of people killed in traffic accidents for that year. Rollover ac-
counted for only 7% of the light-vehicle crashes during the period 1995 through 1999. However, 
these 7% accounted for more than 30% of the total fatalities related to light-vehicle crashes. 
Furthermore, single-vehicle rollover accidents accounted for approximately 80% of all rollover 
injuries or fatalities. 
In November 2000, in an effort to decrease the total number of motor vehicle deaths and 
injuries, Congress mandated through section 12 of the Transportation Recall, Enhancement, 
Accountability and Documentation (TREAD) Act of November 2000, the United States De-
partment of Transportation's National Highway Traffic Safety Administration (NHTSA) to 
"deWop a dynamic ZeaZ on, roZWera motor ue/azcZes /or a cozw^mer m/ormaZzcm program; 
and carry o?it swc/t (eats. Phase IV of the NHTSA Light Vehicle Rollover Research Program 
[11] describes a coordinated effort by NHTSA's Vehicle Research and Test Center (VRTC), 
and the Transportation Research Center, Inc. (TRC), to evaluate maneuvers used to estimate 
light vehicle dynamic rollover rates. This survey was by and large based upon NHTSA's prior 
phases of that same program. The conclusion of the survey of these tests regarding their ob­
1 Light vehicles are defined by the NHTSA as the combination of passenger cars and multipurpose passenger 
vehicles under 10,000 lbs gross vehicle weight rating 
4 
jectivity and repeatability, perfonnability, discriminatory capability and appearance of reality 
along with inputs from manufactures and insurance agencies led to the development of the 
NHTSA Fishhook maneuver with roll-rate feedback, [20]. The result of the NHTSA Fishhook 
maneuver and the conventional Static Stability Factor (SSF, computed by dividing the vehi­
cle's trackwidth by two times its total center of gravity height) are combined in the Combined 
Rollover Resistance Rating as part of NHTSA New Car Assessment Program (NCAP) for con-
sumer information. The final details of these tests were made available to the public through 
the "NHTSA's Notices and Final Rules" website [16] on October 7, 2003. 
The problem of certain vehicles having high rollover rates is not a new phenomenon. Trucks 
and Semi Tractor-Trailers rolling over on interstate off ramps has been a risk professional drivers 
are trained to overcome. Within recent years the number of high center of gravity vehicles have 
significantly increased with the popularity of the Pickup (PU) and the Sport Utility Vehicle 
(SUV). 
The administrator of the National Highway Traffic Safety Administration, Jeffrey W. 
Runge, M.D. testified before the United States Senate's Committee on Commerce, Science, 
and Transportation on February 26, 2003 about the safety of SUVs. Dr. Runge pointed out 
that the current vehicle fleet is much different today than it was 20 years ago. "A more complex 
fleet, including vehicles such as mini vans and SUVs that scarcely existed before, has replaced 
the fleet that was once dominated by passenger cars. There are now over 79 million light 
trucks on the road - including pickups, minivans and SUVs - representing about 36 percent of 
registered passenger vehicles in the United States. With light trucks now accounting for nearly 
50 percent of new vehicle sales, their share of the total Beet is growing steadily." Additionally 
Dr. Runge points out that at the time of the testimony, SUVs accounted for about 35% of 
light truck sales. 
Two major issues can be extracted from Dr. Runge's testimony: Rollover and Compatibil­
ity. Dr. Runge brings attention to the fact that the rate of fatal rollovers of PUs being twice, 
and SUVs being three times that for passenger cars. 
Second, the compatibility issue addresses the fact that the many more light trucks on the 
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road causes higher occurrence of two-vehicle crashes between light trucks and passenger cars. 
The passenger car occupants accounts for 80% of the fatalities in these types of crashes. 
"Overall rollover affects about three percent of passenger vehicles involved in crashes but 
accounts for 32 percent of passenger vehicle occupant fatalities." Why is this so severe now 
compared to two decades ago? The combination of the increased number of vehicles and the 
experience of the drivers operating them are important factors. In-experienced drivers are 
often not aware of the different handling characteristics of SUV's or PU's and drive them like 
the passenger car they are used to. Other factors that play a major role in the higher fatality 
rate, are the lack of use of seat belts and driving while impaired by alcohol or drugs. 
2.1.1 The Rollover Event 
The rollover event is of very complex, violent, and lethal nature. Dr. Daniel Metz [8] has 
described the rollover as consisting of three phases, the Control region, the Transition region 
and the Out-Of-Control region. These phases are depicted in Figure 2.1. 
Phase 1 
Control Region 
x = vehicle heading 
y» velocity vector 
Phase 2 
TranaMonmgkxi 
Beginning loss of control Complete toss of conW 
Phase 3 
Oul-ol-control region 
1 
Roadway surface 
Region of effectiveness 
of electronic stability 
control 
Figure 2.1 Three Phases of The Rollover Event 
Rollovers are arranged in different classification based on the circumstances surrounding 
the event. The National Accident Sampling System (NASS) [22] classifications, and their 
deffntions are listed in Table 2.1 
A technical report prepared by the Calspan Corporation in 1998 for the American Automo­
bile Manufactures Association [13] to investigate the frequency of un-tripped rollover events, 
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Classification Definition 
01 Trip-Over Vehicle lateral motion is resisted by opposing force, inducing 
roll moment 
02 Flip-Over Forward-moving vehicle is vigorously rotated about its longitudinal axis 
by ramp-like object such as a guardrail taper or ditch back slope 
03 Turn Over Centripetal forces forces from a sharply turning or rotating vehicle 
produce a rollover moment when resisted by surface friction 
04 Climb-Over Vehicle climbs up and over fixed object such as barrier 
05 Fall-Over Vehicle is tipped by slope so that its center of gravity is 
outboard of its wheels 
06 Bounce-Over Any case where vehicle rebounds off hxed object (such as guardrail), 
and overturns as a consequence 
Table 2.1 Coding Guide for Rollover Initiation Types 
concludes that cicumstantial effects surrounding many recorded untripped rollover accidents in 
fact would disqualify them as untripped on-road rollover. Hence, NASS data orignal indicating 
7.9% untripped rollover of the total 3,382 rollover accident data collected from 1992 through 
1996 is lowered to less than 2% on-road untripped events. Despite several institutions recom­
mending that NHTSA concentrate their effort on the tripped rollover event, NHTSA decided 
based on the very circumstantial facts surrounding tripped rollover events, to focus their in­
vestigation on untripped rollover. NHTSA argues that the characteristic behavior of a vehicle 
during an untripped rollover event severely affects the vehicles resistance to a tripped rollover. 
However, the University of Michigan's Transportation Research Institute (UMTRI) [9] and [10], 
strongly argues that disturbances to the vehicle from off road terrain assist the rollover event 
by storing energy in the suspension that can be released at a critical time when the vehicle 
is close to rollover, hence pushing the vehicle over. They suggest pre-loading the suspension 
during centrifuge testing and release the suspension when the vehicle reaches a certain lateral 
acceleration level. 
The primary focus of this dissertation is devoted to the investigation of on-road untripped 
rollover. 
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2.2 NHTSA's Star Rating System 
Through section 12 of the TREAD Act of November 2000, NHTSA was mandated by 
Congress to "develop a dynamic test on rollover by motor vehicles for a consumer information 
program; and carry out such tests". This lead to NHTSA's development of the "NHTSA Roll 
Rate Feedback Fishhook Maneuver" described in reference [20]. 
Prior to 2004, NHTSA solely based the star rating system on the SSF. Beginning with 
rollover ratings for the 2004 model year, NHTSA is using a combined figure of merit for con­
sumer information in regards to vehicle rollover propensity as part of its New Car Assessment 
Program (NCAP). The rating combines the pre 2004 merit, the SSF, and the results of the 
recent developed NHTSA fishhook maneuver with roll rate feedback as illustrated in Figure 2.2. 
Static Stability 
Factor (SSF) 
Risk of Rollover 
(percent) 
Maneuvering Test 
(Tip-up/No tip-up) 
Combined Rollover 
Resistance Rating 
(1-5 stars) 
Figure 2.2 NHTSA's Composite Star Rating System 
This information is made available to the public through the NHTSA's website in the 
form of a star rating system. The rating is represented in the form of one through five stars, 
indicating an estimation of the particular vehicle's risk of rolling over during a single-vehicle 
crash, with the one star rated vehicle being more than four times as hkely to rollover if involved 
in a single-vehicle accident as a five star vehicle. The relationship between the number of stars 
and the risk off rollover is listed in Table 2.2. 
The following sections describe the fishhook maneuver with roll rate feedback developed by 
NHTSA. A simulation of the NHTSA fishhook maneuver is presented. The dissertation follows 
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NHTSA Star Rating Risk of Rollover 
k: k: ~k ~k ~k less than 10% 
k: -k k ~k between 10% and 20% 
k k k between 20% and 30% 
~k k between 30% and 40% 
* greater than 40% 
Table 2.2 Interpretation of the NHTSA's Star Rating 
the Society of Automotive Engineers orientation of the vehicle fixed axis system, illustrated in 
Figure 2.3. Hence, positive lateral accleration describes a right hand turn. 
LongWnaf 
Vertical 
Figure 2.3 SAE Axis System [12] 
2.3 The NHTSA Roll Rate Feedback Fishhook Maneuver 
In short, the NHTSA maneuver combines knowledge about a vehicle's steady state perfor-
mance with an attempt to reveil rollover sensitivity through a reversed steer maneuver. The 
motivation behind the NHTSA maneuver has been to develop a test that scored high in the 
following criteria: objectivity and repeatability, performability, discriminatory capability and 
appearance of reality. In particular, for appearance of reality, NHTSA describes the handwheel 
inputs for the fishhook maneuver's to " approximate the steering a startled driver might use 
in an effort to regain lane position on a two-lane road after dropping two wheels off onto the 
9 
shoulder", [11]. NHTSA does not attempt to simulate the actual road-edge drop-off. This is 
an attempt to time the Erst steering reversal to achieve the maximum energy transfer from 
potential energy stored in the springs from the first steering input, to kinetic energy in the 
form of maximum roll velocity obtained at the first steering reversal. Since the NHTSA fish­
hook maneuver is used to rate all brands of SUVs and Pickups, it seems natural that the test 
must be different for different vehicles. Based upon these observations, NHTSA designed the 
maneuver as a fishhook maneuver with roll rate feed back. The maneuver consists of three 
steering inputs as listed below. 
» Intital Steer 
# Reverse Steer 
• Returning to Zero Steer 
An example of a NHTSA maneuver is illustrated in Figure 2.4 
S» 400 
D 
& 200 
< 
$ 0 
sz 
5 
g-200 
I 
55 —400 
20 
(D CO 
g» o Q 
a 
ç -20 
"5 
cc 
-40 
1 
Initial Steer 
! 1 
— Steer (Deg) 
. /  
/ /  / Return to 0 
v \ 
.. 
oieeririy rteverreai 
i i , 
3 4 5 
Time (Sec) 
A r_ 
I I 
— Roll Rate (Deg/Sec) 
/ 
:irst Cros sing of Up jper Banc 
eg/sec U pperand Lower Be md 
3 4 5 
Time (Sec) 
Figure 2.4 Example of a NHTSA's Roll Rate Feedback Fishhook Maneuver 
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Figure 2.4 shows a vehicle simulation representing the phases of NHTSA's Roll Rate Feed-
back Fishhook Maneuver. Initially the car is driven straight at 50 mph. After one second, 
the maneuver is initiated by a steer at a handwheel rate of -720 deg/sec until the handwheel 
angle is at v4i_ After a dwell time, Ti, the steer is reversed at a rate of 720 deg/sec until 
the handwheel is at Ag. The handwheel is held at Ag for 3 seconds, followed by a return 
to zero steer in 2 seconds. The test steering sequence can be either left-right-left (as illus­
trated in Figure 2.4) or right-left-right. Vehicles are generally not symmetric, hence either 
test will yield different results. The right-left-right combination represents a right shoulder 
road-edge-recovery maneuver. 
Throughout the development of this test, NHTSA were able to draw on previously gained 
experience through the earlier phases of the NHTSA's Light Vehicle Rollover Research Pro­
gram. In particular, the phase II [15] of this program had involved conducting a series of 
dynamic tests on a variety of vehicles. Twelve of these vehicles were selected to represent a 
broad range of the current light vehicle fleet. The twelve vehicles are listed in Table 2.3 in the 
vehicle class they represent. 
Classification Vehicle Year, Make & Model 
Passenger Car 1998 Chevrolet Lumina 
1998 Chevrolet Metro 
1998 Dodge Neon 
Pickup 1998 Chevrolet C1500 (2WD) 
1998 Chevrolet S-10 (2WD) 
1997 Ford Ranger (2WD) 
Sport Utility Vehicle 1998 Chevrolet Tahoe (4WD) 
1998 Chevrolet Tracker (4WD) 
1998 Ford Explorer (4WD) 
Mini van 1998 Chevrolet Astro (2WD) 
1998 Dodge Caravan (2WD) 
Van 1998 Ford E150 Club Wagon (2WD) 
Table 2.3 Selected Vehicles from NHTSAs Phase II Light Vehicle Rollover 
Research Program 
Four more vehicles were tested as part of the Phase TV efforts. Those are listed in Table 
2.4 
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Classification Vehicle Year, Make & Model 
Sport Utility Vehicle 2001 Chevrolet Blazer (2WD) 
2001 Toyota 4Runner (4WD) 
2001 Mercedes ML320 (4WD) 
2001 Ford Escape (4WD) 
Table 2.4 Additional Vehicles for NHTSA's Phase IV Light Vehicle 
Rollover Research Program 
Extensive test data of the Table 2.3 and Table 2.4 listed vehicles are available. 
The magnitude of the handwheel rate, Shw-, the value of A\ and Ag and the duration of 
the dwell, T\, are explained in the following sections. 
2.3.1 Choice of Handwheel Rate 
From the Table refPhase-II-Vehicles testings, NHTSA had found that the roll angle fre­
quency response was flat for 11 out of the 12 vehicles. A fixed value was assumed for the roll 
natural frequency, u>n^ of the vehicles, which according to NHTSA [11] lead to a handwheel 
rate, of 720 deg/sec. 
2.3.2 Steering Amplitudes 
Among the comments NHTSA had received during the request for comments period, was 
a suggestion from Ford Motor Company to require a steer large enough to ensure that the 
steered tires reaches saturation^, and that the previous Rollover Resistance Maneuvers carried 
out by NHTSA failed to address that different vehicles would require different handwheel 
angles. NHTSA investigated this by looking at the peak lateral acceleration obtained during 
a slowly increasing steer test. This test is a standardized test, described in SAEJ266 [21], and 
NHTSA had carried out this test during the Phase II efforts. However, NHTSA had found 
that it was not guaranteed that the tested vehicles would reach their peak lateral acceleration, 
hence NHTSA modified the test to reach a larger handwheel angle (270 degrees) as opposed 
to the 200 degrees used in Phase II. In addition, NHTSA increased the handwheel rate to 
2 A tire is saturated when an increased slip angle does not yield higher tire force 
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finish the steer in the same 20 second time frame. The handwheel rate was increased from 
10.0 deg/sec to 13.5 deg/sec. A programmable steering controller was developed for accurate 
and repeatable handwheel angular input. A simulation of the slowly increasing steer test is 
depicted in Figure 2.5 
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Figure 2.5 Handwheel Input During a Slowly Increasing Steer Maneuver 
The corresponding lateral acceleration is shown in Figure 2.6 
NHTSA had conducted several of these tests with the same vehicle and concluded that 
the handwheel angle at peak lateral acceleration was not repeatable, and doing the tests for 
handwheel angle at peak lateral acceleration would increase the tire wear significantly. The 
increased tire wear would make additional tire replacement necessary. However, it is not 
surprising that the NHTSA found that the relationship between the handwheel angle and the 
lateral acceleration, in the range from .1 to .4g, was found to be linear for all the tested vehicles. 
The linear relationship is seen in the simulated slowly increasing steer test in Figure 2.6 as 
well. Based upon the linearity during the low g part of the slowly increasing steer test, NHTSA 
decided to base the handwheel angle used for the fishhook maneuver on the handwheel angle 
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Figure 2.6 Lateral Acceleration During a Slowly Increasing Steer Maneuver 
required to obtain ,3g lateral acceleration. At .3g lateral acceleration, the tires are clearly not 
saturated. To ensure saturation, NHTSA looked at the Phase II fishhook maneuver. The phase 
II fishhook maneuver used initial fixed handwheel amplitude (270 degrees) for all vehicles. 
While this test did not address the fact that different vehicles require different handwheel 
amplitudes to saturate the tires, the test did in fact cause wheel lift-off. NHTSA sought to 
replicate the severity of the phase II maneuver by setting a target for the steering amplitude at 
270 degrees. To ensure saturation for all vehicles, NHTSA decided to multiply the handwheel 
angle found for the .3g lateral acceleration by a constant. This constant was found by dividing 
the 270 degree target by the average of the .3g handwheel angles found during the Phaae II 
slowly increasing steer testing. This constant multiplier was obtained to be 6.5. Throughout 
th i s  d isser ta t ion ,  th i s  mul t ip l ie r  wi l l  be  named the  Steer ing  Scalar ,  SS .  
This defines the NHTSA Roll Rate Feedback Fishhook Maneuver's first handwheel input 
Ai as shown in Equation 2.1 
Lat Accel (g) 
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-Al = ^ (2.1) 
The reversal steer uses the same amplitude and handwheel rate, but with inversed polarity. 
2.3.3 Dwell Time 
The first amplitude steer Ai is held constant for a dwell time T\. It is the vehicle dependent 
handwheel amplitudes and dwell time that characterizes the NHTSA Roll Rate Feedback 
Fishhook Maneuver. t\ is determined from the roll angle of the vehicle. Once the first steer 
input is completed, the steer is held constant at A\ until the maximum absolute roll angle 
occurs. This is determined from the roll rate crossing of zero. When the the roll angle is 
maximum, the vehicle's suspension is storing maximum potential energy, and this is thought 
by NHTSA to represent the worst case scenario. In Figure 2.4, the vertical line connecting 
the handwheel input plot with the roll rate plot indicates the time at which the roll rate first 
enters a narrow band around zero roll rate. The reason for the band on the roll rate is to 
accommodate the data acquisition sampling rate. 
2.3.4 Finishing the NTHSA Fishhook 
Once the roll rate crosses zero, the reversal steer is initated at the 720 deg/sec rate until Ag 
is reached. From here the handwheel angle is held at for three seconds, followed by a two 
second return to zero input. NHTSA considers a two-wheel lift of at least two inches a failed 
test, and the vehicle is considered to have rolled over. All vehicles are coasting at zero throttle, 
in gear through the maneuver. If the tested vehicle is equipped with a stability control system, 
it can be either disabled or enabled. This test result will reflect the setting of the stability 
control system. The work presented in this dissertation assumes no vehicle stability control 
systems to be enabled. 
.Ag = —Ai (2.2) 
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2.3.5 The NHTSA Roll Rate Feedback Fishhook Maneuver Testing Protocol 
A vehicle that passes the maneuver will have completed the test at 50 mph Maneuver En-
trance Speed (MES) without lifting two wheels more than two inches simultaneously. However, 
some vehicles are likely to not pass the maneuver; hence the MES is initially started at 35 mph 
and increased in 5 mph increment through 45 mph. If the test passes the 45 mph MES, the 
MES is increased in 2.5 mph intervals through the max MES of 50 mph. The testing proce­
dure flowchart is shown in Figure 2.7, and the supplemental procedures depending on vehicle 
behavior during testing in Figure 2.8 through Figure 2.10. The testing iterations described in 
the figures covers polarity of the testing (left-right-left versus right-left-right steer) and the use 
of a lower steering scalar, 5%$ = 5.5. From the test procedure it can be seen that the tires are 
replaced at least once during the test of one vehicle no matter if wheel lift was detected or not. 
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CHAPTER 3. Fishhook 
In order to provide more insight into the NHTSA roll rate feedback fishhook maneuver, 
this chapter presents simulations of the maneuver using the commercial available simulation 
software package, Vehicle Dynamics Analysis, Non-Linear, (VDANL) developed by Systems 
Technology Inc. 
3.1 The VDANL Simulation software 
VDANL is a full three dimensional vehicle dynamics simulation tool running on the Win­
dows platform. VDANL was originally developed for the NHTSA in an effort to investigate 
driver response in crash avoidance maneuvers. VDANL was later extended to accurately siinu-
late vehicle dynamics up through rollover. Reference [2] presents an expansion of the VDANL 
maneuvering range to 0.85g, which is necessary to assess vehicle limit handling maneuvers. 
The VDANL software is available in two versions, an analysis and a real-time version. 
3.1.1 VDANL Real-Time Version 
The real-time version is designed for applications involving human-in-the-loop driving sim­
ulation and provides interfaces for driving scene graphics, audio, motion-base, and steering 
wheel torque feedback. Reference [3] describes a VR Juggler [17] application implemented 
at the VRAC using two disparate immersive environments each running seperate VDANL 
applications in an interactive real-time collaborative driving simulation study. 
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3.1.2 VDANL Analysis Version 
The analysis version of VDANL provides the functionality of generating Vehicle Charac-
terization Metrics (VCM) and Dynamic Vehicle Metrics (DVM) based on the input data files. 
The VCM is a list of parameters describing the vehicle model. The VCM provides an effective 
overview of the vehicle parameters, allowing the vehicle dynamicist to review the input data 
in a clear format to reveil any incorrect data. The DVM is an Graphical User Interface that 
allows the user to implement simple vehicle handling tests, such as slowly increasing steer, sine 
sweep steer, on-center steering, fishhook, bump event and different braking and acceleration 
maneuvers. 
The VDANL results presented in this dissertation are based on the Analysis version, using 
the steering input described in the individual sections. 
3.2 Simulation of the NHTSA Test 
The dissertation uses two significantly different vehicles in terms of Static Stability Factor, 
SSF, as baseline vehicles. Both vehicle models are validated against test data in the littérature. 
The vehicles are: 
* 1994 Ford Taurus (Validation in refemce [7]) 
• 1997 Jeep Cherokee Sport (Validation in reference [14]) 
Appendix A and Appendix B present the VDANL generated VCM output for the Taurus and 
the Cherokee respectively. Basic key vehicle charateristics are extracted from the VCMs for 
both vehicles. Table 3.1 lists these data for the straight running vehicle. The following 
sections present the simulations needed to generate the NHTSA Roll Rate Feedback Fishhook 
maneuver. The polarity of the maneuver is chosen to represent a Road-Edge-Recovery maneu-
ver, hence the handwheel input is left-right-left. Both vehicles are simulated and the results 
are superimposed in the plots. 
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Key Parameter 1994 Ford Tburus 1997 Jeep Cherokee Sport 
Wheelbase 8.84 ft 8.46 ft 
Average Track Width 5.08 ft 4.83 ft 
Height of Mass Center 1.78 ft 2.23 ft 
Total Weight 3634 lbs 4097 lbs 
Front Tire Load 1147 lbs 1094 lbs 
Rear Tire Load 670 lbs 954 lbs 
Front Cornering Stiffness 266 (Ibs/deg) 279 (Ibs/deg) 
Rear Cornering Stiffness 196 (Ibs/deg) 257 (Ibs/deg) 
Roll Gain -3.6 deg/g -4.8 deg/g 
Roll Frequency 2.94 Hz 1.94 Hz 
Roll Damping Ratio 0.19 0.30 
Steering Gearbox Ratio 15.97 16.36 
SSF 1.43 1.08 
Table 3.1 Taurus and Cherokee Key Vehicle Characteristics 
3.2.1 Testing for 3g Steer 
Following the NHTSA procedure, the slowly increasing steer test is simulated for both 
vehicles first. In each case, the input handwheel angle spans the interval from 0 to 270 degrees 
in 20 seconds as illustrated previously in Figure 2.5. Figure 3.1 presents the resulting lateral 
acceleration for both vehicles. 
The handwheel angles for ,3g lateral acceleration for the two vehicles are shown in Fig­
ure 3.2. 
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3.2.2 The Complete NHTSA Test 
Following the testing procedure, the desired steering amplitudes are set as indicated in 
Equation 2.1. The maneuver speed is 50 mph. As described in 2.3.3 the steer is reversed once 
the roll rate of the vehicles are within the =bl.5 deg/sec band. Figures 3.7 and 3.8 superimpose 
roll angle <fi and roll rate <j> on the (scaled) handwheel angle 8jjw for the two vehicles, and 
Figure 3.9 superimpose the handwheel angle of the two vehicles. The simulations of 
the full NHTSA roll rate feedback fishhook maneuver for the two vehicles are illustrated in 
Figure 3.7 trough Figure 3.18 
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Figure 3.15 presents the lateral load transfer in percent of the total normal load on all the 
tires fz- Figure 3.18 presents a comparison of the two vehicles in terms of actual lateral 
load transfer in pounds. The sign convention of the load transfer is such that positive roll 
angle <f> yields positve load transfer, hence the vehicle leans to the right. The load transfer is 
computed by 
A# = FR + &, RR - Fs, FL - F:, Ri, (3.1) 
and plotted in Fgure 3.18. 
Figure 3.16 indicates that the Cherokee is very near right front wheel lift just after steer 
reversal, and Figure 3.17 indicates that in case of the Taurus it is the right rear wheel that 
unloads the most, yet there are about 120 lbs to spare before lift of that wheel. 
Figure 3.18 presents the maximum load transfer to be -94.6% for the Cherokee and -64.5% 
for the Taurus. It is interesting to compare the ratio of maximum dynamic load transfer, 
1.47 to the ratio of the SSF from Table 3.1, = 1.32. The significant difference 
is perhaps an indicator that dynamic tests will provide information not observed in the SSF 
alone. Figure 3.16 and Figure 3.17 shows the normal loads on the tires as they occur during 
the fishhook maneuver. 
It is important to note that this is a full 3D model hence the sum of the normal loads does 
not equal the weight of the vehicle. In particular, if the CG is accelerating upward, the sum 
of the tire normal loads will be greater than the weight of the vehicle. 
Wheel lift occurs if any of the tire normal loads goes to zero. 
Figure 3.18 shows that the maximum absolute load transfer is 4310 lbs and 2444 lbs for 
the Cherokee and Taurus respectively. 
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3.3 Variations of the NHTSA Fishhook Maneuver 
The NHTSA implementation of the fishhook maneuver seems intuitively fair and clearly 
elicits very high lateral load transfer. This section provides a study of permutations of the 
NHTSA fishhook to gain insight into the sensitivity of the results of the maneuver to changes 
in handwheel amplitude and the time duration before the steer reversal. 
The study of the permutations included about 190,000 VDANL runs for each vehicle. As 
indicated in Table 3.2 the initial steer was varied from -10 to -4 times the .3g handwheel steer 
in steps of 0.1, the reversal amplitude from 10 to 4 times the .3g handwheel steer. The time 
duration before reversal (dwell) was varied from zero to 0.5 in 0.01 second increments. This 
yields a total of 612 * 51 = 189771 runs for each vehicle. 
Parameter Range Steps Stepsize 
Ai [-10 -4] 60 0.1 
[4 10] 60 0.1 
ti [0 0.5] 50 0.01 
Table 3.2 Permutation Ranges and Stepsizes 
The figure of merit for the runs was the absolute maximum lateral load transfer. For each 
combination of amplitude A\ and A2, the run with the dwell time T\ that lead to the largest 
absolute lateral load transfer was saved. Figure 3.19 and Figure 3.19 presents the results of the 
permutations. Figure 3.20 and Figure 3.22 shows the corresponding top views. The amplitude 
j4i and load transfer A AT in the figures are absolute values. The color of the plots corresponds 
to the dwell time used for the run with the indicated amplitudes. 
The surface plots in Figure 3.19 and Figure 3.21 indicates that the permutations did not 
find larger load transfer values for the Cherokee and just above 2.3% more load transfer for the 
Taurus (66.8% versus 65.6% for the original NHTSA fishhook). The parameter of particular 
interest is the dwell time %i. Based upon the non-linearities of the tires and suspension 
components, it is of interest to see if the zero crossing of the roll rate in fact is the best time 
to initiate the reversal steer. 
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Figure 3.23 and Figure 3.24 represent slices of the paramter study presented in Figure 3.19 
and Figure 3.21. These slices correspond to the NHTSA fishhok steering scalar S S at 6.5. The 
increment in dwell time is 0.01 second as indicated in Table 3.2. 
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Figure 3.23 Cherokee NIITSA Parameter Study Dwell Response, %AN 
Table 3.3 shows a comparison of the dwell time and load transfer values of the original 
NHTSA fishhook manuever and the results of the parameter study. 
Parameter Cherokee Taurus 
NHTSA Dwell Ti (sec) 0.17 0.06 
Par am Study Dwell fgTi (sec) 0.13 0.33 
NHTSA Max A7V (%) 94.6 64.5 
Par am Study Max pgATV (%) 94.6 66.8 
Difference AAT (%) 0.0 2.3 
Table 3.3 Comparison of NHTSA vs. the Permutation Results 
This parameter study indicates that within the defining rules of the NHTSA roll rate feed­
back fishhook maneuver, the NHTSA implementation does in fact find the Cherokee maximum 
load transfer quite accurately. In case of the Taurus, 2.3% increase in load transfer is found by 
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Figure 3.24 Taurus NHTSA Parameter Study Dwell Response, %A7V 
increasing the dwell time with 0.25 second (about five times the original value). There is an 
important remaining question however: Are there other maneuvers that would elicit substan­
tially more load transfer than the fishhook? Subsequent sections of the dissertation address 
the question. 
3.4 The Need for Speed 
The vehicle simulations demonstrated in the fishhook study characterize maneuvers that 
resembles the same type as the original NHTSA roll rate feedback fishhook maneuver. These 
can all be described as road-edge-recovery maneuvers. In spite this appears to be an adequate 
test for rollover, a broader search space is desired to come to peace with this test addressing 
the rollover characteristics in all aspects of the un-tripped rollover event. 
In order to accomplish a broader search, the computational speed of the VDANL sirri-
ulations becomes an issue of concern. In Section 3.3, a total of about 190000 five second 
simulations were executed in thirteen hours and fourteen minutes, indicating that VDANL 
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and pre/post processing runs at about 20 times real time on a 2.6 GHz Pentium 4 dual pro­
cessor PC. The VDANL simulations for the parameter was implemented through a three layer 
deep for loop written in C. For each combination of the parameters A\ and Aq the software 
did the following: 
* Write the steering profile to a file in the format VDANL expects 
* Call the VDANL kernel through a system call to a script file 
# VDANL executes the script using the previously written steering profile 
• VDANL writes a minimized results file only containing the % load transfer value during 
each time step 
e Post process the results file in order to record the dwell time that lead to the highest 
load transfer for the current A\ and Ay parameters 
The above list shows a number of required system calls and file I/O to run the high fidelity 
VDANL code. How much of the file I/O is handled in disk cache and not through disk access is 
unclear. However, it does appear that the benefits of the high fidelity yielded by the VDANL 
simulations does not outweigh the execution time necessary when the goal is investigation of a 
broader space of roll inducing maneuvers. It is desired to develop a vehicle dynamics software 
with speed as the main purpose and yet able to reasonably capture the complex dynamics of 
vehicle roll. It is the roll motion that yields the load transfer used as the measure of rollover 
propensity. 
3.4.1 Summary 
This chapter described the implementation of the NHTSA test with the two baseline ve-
hicles, the Ford Taurus and the Jeep Cherokee. With a VDANL-based objective function, a 
study was made of the effects of changes in amplitude and dwell time of the NHTSA fishhook. 
The study showed that changes in the fishhook yielded slightly more load transfer for the 
Taurus, but the changes did not increase load transfer for the Cherokee. 
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Subsequent chapters of this dissertation will search for other steering input that will increase 
the load transfer over fishhook levels. 
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CHAPTER 4. MODELING 
The previous chapter illustrates that the continuing increase of routinely available com­
puting power now allows optimization based on the use of objective functions including time 
domain simulations of vehicle dynamics. In that illustration, VDANL was the simulation. 
Running in an optimization mode, VDANL runs at about 20 times real time. At that speed, 
the 190,000 runs of the fishhook simulations took thirteen hours and fourteen minutes. 
Subsequent optimization runs will require an order of magnitude more than 190,000 runs. 
This section presents a simpler and faster model that carriers many of the important features 
of VDANL. 
4.1 A Simulation Model for High Speed Calculations 
This chapter presents a vehicle dynamics simulation developed for use in optimization with 
time domain numerical calculations in the objective function. The goal of the model, which 
this dissertation will refer to as the Digital Optimization Model (DOM), is to retain as much 
of VDANL's capability for simulating smooth surface rollover as possible while substantially 
speeding up run time in the context of optimization. 
The key to attaining higher speeds is to h mit the frequency content of the model, thus 
increasing the integration time step from the VDANL commonly used 0.05 second to 0.01 
second. The second is to specialize the disk read/write functions to only those needed for final 
data recording. 
The high frequency components in VDANL (and in other high hedelty models) include: 
# The bounce degree of freedom of the tires, so-called wheelhop, which, typically entails at 
least 10 Hz, 
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* bump stops in the suspensions, which engage very high stiffness when suspension defec­
tions are very large, and 
* the steering system, which typically entails frequencies well in excess of 10 Hz. 
As indicated in Table 4.1 DOM includes nine degrees of freedom. While these degrees of 
freedom are tightly coupled, it is plain that the highest frequencies here are associated with 
the roll degree of freedom, which, in the linear range, is typically somewhere near two Hertz. 
Degrees of Freedom Symbol 
1, Forward Velocity u 
2. Lateral Velocity V 
3, Roll 9 
4, Pitch 9 
5, Yaw Rate r 
6-9, Four Tire Slip Angles 
Table 4.1 Digital Optimization Model, Degrees of Freedom 
Note that the DOM does not include any bounce degrees of freedom, thus the sum of the 
forces vertically will always equal the weight of the vehicle. This will entail some loss of fidelity 
at high roll angles where typically the sum of the normal forces on the tires increases beyond 
the weight of the vehicle and the sprung mass of the vehicle tends to go up. 
The most important part of the DOM, or any other vehicle simulation, is the model for 
the forces on the tires. The DOM computes lateral forces and aligning moments using the 
VDANL tire model. This is a subset of the complete VDANL model, which also has the 
capability to compute longitidunal forces not needed for the coasting optimization addressed 
by this dissertation. 
Since the tire model is so important, it is addressed in some detail in the next section. This 
is followed by a short explanation of the DOM's quasi-static model for steering compliance. 
4.1.1 Lateral Forces 
The DOM uses the VDANL tire model [1] to compute lateral forces and aligning moments. 
Thus cornering stiffness and friction coefficient are functions of normal load. The friction 
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coefficient is also a function of slip angle. The Society of Automotive Engineers' definitions for 
tire realted variables are depicted in Figure 4.1. 
Positive 
Inclination Angle Wheel 
Torque Aligning 
Torque 
Tractive 
Force (Fx ) 
Rolling 
Resistance 
Moment 
Positive 
Slip Angle 
Spin Axis 
Y Lateral 
Force Overturning 
Moment 
Normal Force (F; 
Figure 4.1 SAE Tire Axis System [12] 
The lateral stiffness coefficient Kiat is a quadratic function in normal load Fz 
Kiat — — f Aq + A\FZ (4.1) 
Op0 \ Ag / 
where Ao, A^ and Ag are coefficients for the constant, linear and squared term respectively. 
&p0 is the initial tire contact patch length which is dependent on normal load tire rated 
load FzTRi,, tire width and tire pressure Tj,. Opo is constant in this implementation since 
traction and braking are not included. A slip value <r is defined by 
2 
Rattan (a) (4.2) 
hj z 
where a is the tire slip angle as defined in Figure 4.1 and is the slide coefficient of friction 
ft* = ftp* (1 - sin(a)) (4.3) 
with being the decay in lateral friction with slip angle a and 
/w = ^ (4.4) 
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where B^y are coefficients in the quadratic representation of the coefficient of friction with 
normal loadf^. is the skid number of the surface the tire was tested on and STVo is the 
skid number of the surface used in the simulations (skid numbers are defined as the coefficient 
of friction x 100). A tire force saturation function can be defined by 
that can be shaped by careful choice of Q's to accomodate the tire surface interface. 
The lateral tire force is computed from Equation 4.5 
(4-6) 
The following figures present a simulated GoodYear P225/75R15 tire at 33 PSI tire pres­
sure using the DOM implementation of the VDANL tire described in Equation 4.1 through 
Equation 4.6. 
simulations of the 1994 Jeep Cherokee used this tire. 
Figure 4.2 shows the dependency of the peak coefficient of friction /ip on the tire normal 
load Fz described in Equation 4.4. 
Figure 4.3 shows the tire model's prediction of lateral tire force Fy vs. tire slip angle a and 
Normal load Fz. 
Cutting slices of Figure 4.3 at 200 lbs intervals of normal load renders in Figure 4.4 a two 
dimensional plot that clearly indicates the dependency of the lateral force upon slip angle 
a. 
Figure 4.5 shows the effective coefficient of friction, which indicates that this tire model 
predicts higher coefficient of friction at lower normal loads, and the peak effective coefficient of 
friction for any normal load appears at lower slip angles. This is important to note, as violent 
maneuvers often leads to higher slip angles. 
In fact, the higher slip angles causes lower lateral tire forces according to the figure. There­
fore, the highest lateral load transfer often occur early on in the violent maneuver, while the 
tire operates at lower slip angles since the lateral tire force is the forcing function to the roll 
dynamics. 
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4.1.2 Aligning Moment 
The aligning moment developed at the tire road interface is always resisting steering of the 
tire, hence it has an understeer effect. The aligning moment arsises from the fact that the 
lateral tire forces are developed throughout the entire tire-road contact patch. The resulting 
lateral tire force is located a distance p behind the center of the wheel hub, hence causing an 
aligning moment that works against the steer. The distance p is called the pneumatic trail. 
The aligning moment is modeled by 
Kmap0Kiat tan (cc) M = 
2 ( l  +  G i < r G 3 ) 2  
where Km is the aligning moment stiffness linear dependent on Fz 
= #1^ 
(4.7) 
(4.8) 
Figure 4.6 shows the aligning moment for the Cherokee tire using Equation 4.7. 
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4.1.3 Lateral Tire Force Lag 
Bernard et al [6] describes a Erst order lag applied to the tire slip angles. This models the 
effect that the laterel tire force is not instantaneous upon applying a slip angle. The model 
is based upon the concept of relaxation length, br - The relaxation length is a measure of how 
far the tire needs to travel to build up g of the total tire force corresponding to the current 
desired slip angle a = pice. Thus it is clear that the lag is dependent on velocity of the wheel 
utire 
hub. The governing differential equation for the slip angle is 
-y- tan A + tan a = (4.9) 
at Or br 
4.1.4 Steering Compliance 
During the development of this model, steering compliance was found to account for a large 
amount of understeer during limit performance maneuvering, hence the DOM model includes 
this effect. The compliance in the steering system is implemented as a quasi-static version of 
the model used by VDANL. Thus steering compliance is a linear function of front tire lateral 
force. 
4.1.5 Additional Fidelity 
The model includes Ackerman effects, linear roll steer, rolling resistance and aerodynamic 
drag. 
4.1.6 Model Limitations 
It is important to realize that this model does not include any bounce degrees of freedom, 
thus the sum of the normal loads on the tires is always assumed to equal the weight of the 
car. In addition, the suspension does not include sophisticated components, such as suspension 
bump stops or nonlinear springs and shocks. The complicated dynamics system comprised by 
springs shocks and suspension links are replaced with a linear system that approximates the 
dynamic behavior of suspensions in presence of small deflections but which loses fidelity as 
larger deflections engage nonlinear effects. 
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The following section shows the equation of motion, and a Section 4.4.1 shows to the degree 
the approximation resembles the high fidelity VDANL simulation package. 
Equation 4.9 shows the differential equation that governs the tire slip angle degree of 
freedom. The five vehicle body degrees of freedom are presented in the following equations. 
The nomenclature explains the parameters and variables. 
4.2.1 Longitudinal Degree of Freedom 
where Fxotx is the sum of the forces in the x direction of the vehicle, including aerodynamic 
drag and tire rolling resistance. 
4.2.2 Coupled Lateral and Roll Degrees of Freedom 
Figure 4.7 presents the forces acting on the sprung and unsprung masses.c For the total 
vehicle, the lateral equation of motion is 
4.2 Equations of Motion 
(4.10) 
F1 Fy MUAyU (4.11) 
which at the front axle is equivalent to 
f i /  =  ( ? )  +  % r  +  o r )  (4.12) 
and at the rear 
F\ r — Fyr — Mur ( ' "i™ UT' — br) (4.13) 
Assuming small angles for the lateral equation of motion for the sprung mass is 
M; (?) + %r) + Mg/ts^MgCr = Fi/ + Fir (4.14) 
and the sprung mass roll equation of motion is 
+ (-^^ — M^a^s) ^ — TlgrF^r (4.15) 
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Figure 4.7 Schematic of Roll Model 
Substituting Equation 4.12 and 4.13 for F] j and F\r in Equation4.14 and 4.15 yields 
Mv +  M s hs4> — Fy f  Fyr  — M u r  + (M u r b  — M u f a  — M s c )  v  (4.16) 
where M = M s  + M u f  +  M u r  and 
— (hs fM u f  +  h%f  M u r )  v  +  I x x  - - -  —hs f  (F y f  — M u f  (ur  + or)) — hsr (Fyr — Mur (ur — br)) 
- (#4, - W3A.3 ) ^ 
(4.17) 
Equation 4.16 and Equation 4.17 renders two equations in two unknowns, v and (p. 
4.2.3 Pitch Degree of Freedom 
The pitch degree of freedom is governed by 
tyyô = ffccfrotX — (4.18) 
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4.2.4 Yaw Degree of Freedom 
The yaw equation of motion is 
4 
Izz^' — Fyf cos(<5u,/tee;)fl, FyRb + y' MZi (4.19) 
4.2.5 Aerodynamic Model 
The areo drag is dehned by 
Faero — ^ P a i r - ^ - F r o n t s i g n { u )  (4.20) 
The aerodynamic drag is only applied to the vehicle's longitudinal degree of freedom. 
In 1998, Bernard et al used optimization techniques to End the fastest path of a simulated 
vehicle through the Consumer Union short course [4], They used inverse modeling, and pa­
rameters to be optimized were the coefficients of the splines that defiend the vehicle paths. 
Their work utilized approximately 100,000 time-domain runs for one vehicle simulating double 
lane-change maneuver. Utilizing four RIOk processors on an SGI Onyx computer, their nine 
degree of freedom vehicle model ran at about five times real time. Today's computers are much 
faster. The work presented here utilizes millions of time domain simulations. The computing 
platform included three nodes on a Linux cluster. Each node hosts two AMD Athlon 1.2GHz 
processors. Each simulation sub-grid (fixed fundamental frequency) was run on a single pro­
cessor which performed the DOM calculations on the order of 200 times real time. For the 
four second duration runs, this yielded about 190,000 runs per hour on each processor. 
Object Oriented Software allows convenient implementation of several methods of analysis, 
optimization, tire models and vehicle models. The methods of analysis, optimization and the 
tire model are implemented through derived classes while the vehicle parameters are generated 
in the form of input data files. 
4.3 Method of Analysis 
4.4 Software Design 
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Figure 4.8 presents a schematic diagram of the software configured for an open loop pa­
rameter study. 
jeep Cherokee 
Vehicle and Tire 
Parameters 
Instantiation 
instantiate a Vehicle 
1397 Jeep Grand Cherokeex 
Instantiate a Tire Model 
STS Tire Model 
Instantiate an Analyzer 
Forward Analyzer 
Instantiate an Optimizer 
Grid Optimizer 
Perform Sanitv Check 
Check steady state response 
initialize Grid-Run 
Set Bounds and Step-size on 
Fourier Coefficients and 
Fundamental Frequency 
w Loop i hrouon i-ourier Steer 
Simulate 
Record max dN and <1V 
Next Maneuver 
iitâ&t$éiiï,métâ&ààffols 
Yes 
Loop finished? 
Place Maneuver in Top 10 
Record Fourier Coefficients 
Fundamental Frequency 
tatemldemthn 
Save Top 10 to Disk ( Fxit ) 
Figure 4.8 DOM Software Flow Chart 
4.4.1 Sanity Checks 
Reference [5] shows it is impossible to know if either the equations of motion or the in­
put data to a nonlinear vehicle simulation is error free, but that continued checking leads to 
increasing confidence that whatever errors may be in the simulation are inconsequential. In 
that spirit, the DOM has included a set of sanity checks, acceleration gain, understeer gradient 
and the like, that are designed to detect errors in the linear range. In addition, to increase 
our comfort level, it has been beneficial to compare the DOM results with VDANL results in 
very severe maneuvers. In that spirit, this section superimposes the DOM results on VDANL 
results for the Cherokee in the NHTSA fishhook maneuver. 
The initial speed was 50 mph. In each case, the plus and minus amplitude of the steer is 
6.5 times the amplitude required for a 0.3g steady turn. 
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Figure 4.9 through 4.14 present the results. Figure 4.15 indicates that the maximum side 
to side load transfer in the VDANL simulation was 4310 lbs which occured at 2.50 seconds. 
The sum of the normal load at that time was 4558 lbs. The maximum load transfer in the 
DOM run was 3760 lbs which occured at 2.52 seconds. In the DOM simulation, the sum of 
the normal loads always equal the weight of the vehicle, which is 4097 lbs. Figure 4.16 shows 
the absolute load transfer in terms of % total vertical tire load. The DOM model gains 91.6% 
versus 94.6% for the VDANL simulation. 
300 r 
DOM 
— • VDANL 
B 100 
g -100 
-200 
-300 
4 5 6 
Time (sec) 
Figure 4.9 DOM vs VDANL, Hand Wheel Angle 
4.5 Summary 
This chapter presented the derivation of a vehicle model designed for high speed calculations 
for purposes of enabling the objective function of rollover-related optimization. Sanity checks 
and comparison runs indicated that the model yielded results qaulitatively similar to VDANL 
in a simulation of the NHTSA fishhook maneuver. 
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Figure 4.16 DOM vs VDANL, Absolute Load Transfer, A TV 
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CHAPTER 5. Fourier-Based Steer 
This chapter describes a technique that renders limit performance avoidance maneuvers 
that elicit large lateral load transfer using Fourier-based handwheel input. 
5.1 Fourier-Based Steer 
The idea is to base the handwheel steering input on a Fourier series. Equation 5.1 gives 
the Fourier series used for the steering handwheel 
= Kg ^v4o + cos (iw(f - (o)) + sin ^w(f - ^ o))^ (5.1) 
where ks is the steering gear ratio and to is the duration of the initial pseudo-step. The 
coefficients Aj and b-, of the Fourier series and the fundamental frequency uj should be limited 
by ergonomie considerations. First of all, consider the initial pseudo-step input which has 
amplitude 
a = aq + ^2 -a-i (5.2) 
i= 1 
The protocol used by NHTSA is followed for the pseudo-step steering of the fishhook maneuver 
which limits the rate of this input to 720 degrees per second. The littérature suggests a wide 
range of appropriate maximum expected steering wheel rates during an avoidance maneuver. 
Reference [19] describes a study completed at the Iowa Driving Simulator in 1999 that recorded 
steering behaviour of 120 human subjects during a collision avoidance maneuver. The study 
showed that 95% of the observed steering rates were less than 981 degrees per second, with 
the maximum being 1416 and the average being 514 degrees per second. The study also 
showed that the steering rates observed were generally less on Anti-Lock Brake System (ABS) 
equipped vehicles. Reference [18] also supports that momentary higher rates may be expected 
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in the oscillating steer that follows the initial pseudo-step to be on the order of 900 degrees 
per second. In this spirit, the maximum steer is limited by bounding the maximum number of 
terms n and the Fourier coefficients in the following way 
n < 3 
0  <  A o  < 8  
—8 < .Ai, .Bi < 8 (5-3) 
-4 < ^2,^2 < 4 
-§ < ^3, % < § 
Furthermore, any run that calls for transient 8hw to have an absolute value greater than 900 
degrees per second is rejected. From 5.1 with n = 3, 5hw is 
3 
i=l 
= Kg f — iwAi sin (iw(t — <o)) + cos ^w(f — to)l (5.4) 
To illustrate the power of the Fourier series, Figure 5.1 shows the traces of a Fourier sine 
series with two and three sine terms respectively. 
1.5 
3 
t 
o 
a> 
•c 3 
o 
2 Term Sine Series 
3 Term Sine Series 
Time (sec) 
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-1.5 
Figure 5.1 Fourier Sine Series Approximating a Step Function 
The figure indicates that by appropriate choice of coefficients and by including sufficient 
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terms, complex shapes (in this case a square wave) can be approximated. The Figure 5.1 sine 
series can be written as 
f S = —^ sin(27rt) + - sin(67rf ) + p sin(lChr()^ (5.5) 
The first term in Equation 5.5 is the fundamental term for this series, with the corresponding 
fundamental frequency 2?r, hence the period is one second. The three individual sinusoids from 
Equation 5.5 are depicted in Figure 5.2. 
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Figure 5.2 Illustrations of the Terms in Equation 5.5 
5.2 DOM Grid Run 
This study focuses on the Jeep Cherokee, which is much more interesting in this context 
than the Taurus due to its much lower SSF. 
A grid run was designed to investigate the influence of number of terms appropriate n 
and the range of natural frequencies. It should be noted from Equation 5.1 that the Fourier 
series includes frequencies up through mw. This is very powerful because it relates the choice 
of fundamental frequency and the number of terms to the highest frequency content in the 
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Fourier Series. Each Fourier coefficient covers nine values equally spaced accross its range. 
With % — 3, each fundamental frequency renders about 4.8 million (9?) runs. This includes 
nine separate values of each of the three Fourier coefficients. Table 5.1 shows the number of 
runs necessary to complete the grids based upon the number of terms included in the Fourier 
series. 
n = 1 n = 2 M — 3 
Number of Runs 93 (729) 95 (59049) 9? (4782969) 
Table 5.1 Number of Runs per Frequency 
Table 5.2 presents the maximum load transfer AN and corresponding maximum lateral 
motion of the vehicle's mass center as a function of the fundamental period T and the number 
of terms n. 
n = 1 n = 2 n — 3 
3410 lbs, 13.7 ft 3474 lbs, 7.00 ft 3474 lbs, 7.00 ft 
T — £ 1 
~ 2 3789 lbs, 5.70 ft 3826 lbs, 6.40 ft 3851 lbs, 6.50 ft 
3813 lbs, 8.20 ft 3876 lbs, 14.4 ft 3896 lbs, 10.3 ft 
nr 5tt 
1 
- 6 3787 lbs, 59.5 ft 3875 lbs, 22.00 ft 3890 lbs, 18.6 ft 
r = ?r 3680 lbs, 55.2 ft 3878 lbs, 25.3ft 3899 lbs, 28.6 ft 
rr> _ 7ir 
^ - T 3440 lbs, 6.00 ft 3868 lbs, 45.6 ft 3880 lbs, 53.7 ft 
M 3440 lbs, 6.00 ft 3850 lbs, 55.5 ft 3874 lbs, 77.4 ft 
Table 5.2 Results of Grid Runs: Max AN (lbs) and Lateral Deviation (ft) 
The table shows that a wide variety of steering input yield AN between three and four 
percent higher than the 3760 lbs A7V for the simulated NHTSA fishhook maneuver indicated 
in Figure 3.18. Figure 5.3 presents and overview of these results. 
The maximum load transfer run of 3899 lbs was found with the fundamental period fixed 
at T = 7T. Another fundamental period of higher interest is T = 4r- This fundamental period 
yields almost as much load transfer (3896 lbs), but the vehicle experiences much less lateral 
travel. 
Indicated in Figure 4.8, the software was configured to save the ten runs with the most 
load transfer. Table 5.3 lists the Fourier coefficients, load transfer and lateral travel for the 
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Figure 5.3 Surface Representation of Grid Runs 
ten highest AN runs with the fundamental period 7 = . 
Consider the first run in Table 5.3. This run is distinguished by very large maximum lateral 
load transfer, 3896 lbs, and very low lateral travel at the time of maximum load transfer. 
Figure 5.4 through Figure 5.7 present steer, lateral acceleration, yaw rate, and sideslip angle. 
The figures indicate that starting at about two seconds the vehicle spins out with continuing 
high yaw rate turning right and countinuing very high lateral acceleration to the right. 
Figure 5.8 indicates that the maximum load transfer of 3896 lbs occurs at time t = 2.5 
seconds, nearly lifting both right side tires. 
Figure 5.9 presents the lateral deviation of the trajectory of the mass center and the percent 
load transfer with the transfer of the total weight of the vehicle indicated by 100%. The figure 
indicates that at the time of maximum load transfer the trajectory of the vehicle has used up 
only about 10 feet of lateral motion. 
Figure 5.10 compares this result to the DOM simulation of the fishhook maneuver, which 
called for maximum load transfer at about seventeen feet of lateral motion. 
Figure 5.11 compares the NHTSA fishhook steer and the DOM steer up to the time of 
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Placement Ao ai bi A2 #2 A3 #3 AJV, (lbs) AY, (ft) 
1 3 8 -8 0 3 4 3 
4 
3 3896 10.3 
2 3 8 -8 0 3 4 3 
2 
3 3889 10.3 
3 4 8 -8 0 4 2 3 0 3887 13.9 
4 4 8 -8 1 4 2 3 0 3884 14.5 
5 5 8 -8 -1 4 2 3 
2 
3 3883 17.2 
6 5 8 -8 0 3 4 4 3 3882 16.5 
7 5 8 -8 0 4 2 
~~3 
2 3882 18.1 
8 4 8 -8 0 4 2 3 
2 
3 3882 14.0 
9 3 8 -8 1 2 4 3 
2 
3 3882 10.5 
10 4 8 -8 0 3 
2 
3 
2 3881 14.4 
Table 5.3 Coefficients for T — Max AN and Lateral Deviation 
maximum load transfer. The figure shows that the NHTSA fishhook steer and the DOM steer 
have identical initial slope. This is the 720 degree per second rise rate to the initial Fourier 
steer angle Ao as indicated in Equation 5.2. Once the angle Ao is reached, DOM limits the 
subsequent rate of change of steer to 900 degrees per second, constraints Figure 5.4 indicates 
were hit at about 0.6 seconds and about 1.5 seconds. 
The steer found using the DOM tool (depicted in Figure 5.4), is used in a VDANL simula-
tion to verify that the lower fidelity DOM model does in fact, predict a higher maximum load 
transfer value with a higher fidelity simulation tool, such as VDANL. Figure 5.12 shows the 
load transfer values in % from the DOM simulation superimposed on the VDANL simulation 
using the same steering input. 
This suggests two observations: 
# For this input. VDANL calls for higher load transfer than DOM. This likely follows 
because VDANL models the shortening track width and increasing mass center height 
as roll angles get large. 
» DOM based optimization yielded steering controls that when implemmented in VDANL 
lead to peak load transfer of 98.0%. In terms of absolute values, this is slightly above 
the -94.6% VDANL finds for the Fishhook. Further, note in Figure 5.13 that VDANL 
yields left front tire liftoff in this maneuver. 
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Figure 5.4 Fourier Series, Steer and Steer Velocity 
5.2.1 Summary 
The DOM simulation, designed to retain as much fidelity as possible while running very 
fast, showed that Fourier-Series-based steering maneuvers could lead to slightly higher load 
transfer than the fishhook maneuver used by NHTSA. Implementing the steering controls found 
by DOM in VDANL, which is slower but has much higher fidelity, led to simular results. 
Since these calculations are highly nonlinear, it is risky to make sweeping generalizations. 
Nevertheless, it is clear that the results presented here support the use of the fishhook maneuver 
developed by NHTSA in two ways. First, since the exhaustive DOM-based optimization runs 
yielded only marginally greater load thransfer than the fishhook, these runs give no indication 
that the fishhook maneuver, in this case, is missing the opportunity to elicit much higher 
load transfer. Furthermore, the fact the DOM found a steering control that yields very large 
load transfer within a quite small lateral maneuvering envelope indicates that, at least for 
this vehicle, the load transfer levels found by the fishhook are possible with much less lateral 
deviation than needed by the fishhook maneuver. 
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Figure 5.5 Fourier Series, Lateral Acceleration 
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Figure 5.6 Fourier Series, Yaw Rate 
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Figure 5.7 Fourier Series, Sideslip Angle 
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Figure 5.8 Fourier Series, Normal Loads 
67 
100 
80 
60 
40 
20 
-— CG Lane Deviation (ft) 
Max Load Tr. (%) 
-20 
0 0.5 1 1.5 2 2.5 3 3.5 4 
Time (sec) 
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Figure 5.10 NHTSA Fishhook versus Fourier Series Trajectory 
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Figure 5.12 Load Transfer of DOM Steer Simulated with DOM and 
VDANL 
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK 
This dissertation has shown that inexpensive processors can run a fairly high fidelity vehicle 
dynamics simulation at more than 200 times real time, enabling numerical optimization with 
objective functions based on time domain dynamic simulations. 
This dissertation presented the derivation of a vehicle model, so called DOM. designed 
for high speed calculations for purposes of enabling the objective function of rollover-related 
optimization. Sanity checks indicated that the model yielded results qualitatively similar to 
VDANL in a simulation of the NHTSA fishhook maneuver. 
The DOM was designed and implemented to accomplish the optimization using the derived 
vehicle model. The optimization searched for the coefficients of Fourier-Series-based steering 
which would lead to extreme values of lateral load transfer, a surrogate for rollover propensity. 
Retaining as much fidelity as possible while running very fast, the DOM showed that Fourier-
Series-based steering maneuvers could lead to slightly higher load transfer than the fishhook 
maneuver used by NHTSA. Implementing the steering controls found by DOM in VDANL, 
which is slower but has much higher fidelity, led to simular results. 
Since the simulations carried out by the DOM are highly nonlinear, it is risky to make 
sweeping generalizations. Nevertheless, it is clear that the results presented here support the 
use of the roll rate feedback fishhook maneuver developed by NHTSA in two ways. First, since 
the exhaustive DOM-based optimization runs yielded only marginally greater load thransfer 
than the fishhook, these runs give no indication that the fishhook maneuver, in this case, 
is missing the opportunity to elicit much higher load transfer. Furthermore, the fact the 
DOM found a steering control that yields very large load transfer within a quite small lateral 
maneuvering envelope indicates that, at least for this vehicle, the load transfer levels found by 
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the fishhook are possible with much less lateral deviation than needed by the NHTSA fishhook 
maneuver; deviation well within the width of typical highways. 
There are many avenues to profitably extend this work. The nature of the Fourier-based 
steer does not allow for constant steering angles. It would be of interest to add the possibility 
of holding segments at constant steer at arbitrary places to see if higher load transfer might 
result. 
As computing speeds continue to increase, it will be possible to routinely use very high 
fidelity simulations such as VDANL to implement the time domain objective functions. 
More sophisticated optimization algorithms will yield local and overall maxima. Work is 
currently in progress implementing hybrid schemes using Genetic Algorithms for broad global 
search combined with gradient based search for accurate pinpointing of the local optima within 
areas of interest located by the Genetic Algorithm. 
Additional computing power or the use of many nodes on todays machines will support 
analysis of more robust controls, braking and steering for example. Additional applications will 
no doubt include optimization of control inputs for racing vehicles in track specific scenarios. 
Vehicle design applications will follow by adding vehicle parameters to the figure of merit of 
the optimization. 
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APPENDIX A. 1994 Ford Taurus Simulation Model 
This Appendix present.es the 1994 Ford Taurus vehicle characterization metrics output from 
VDANL. 
Taurus Vehicle Charaterterization Metrics 
73 
I 
pr 
;3 
[4 
.15 
6 
17 
8 
9 
ÎÏO 
i(METRIC) 
! Ground reaction Axle 1 Front 
iGround reaction Axle 2 Rear 
'IAxle 1 Front rel. total veh. e.g. 
Axle 2 Rear rel. total veh. e.g. 
Axle 1 Front rel. sprung mass e.g. 
Axle 2 Rear rel. sprung mass e.g. 
Wheelbase 
ITotal vehicle e.g. height 
Sprung mass e.g. height 
Total weight 
"Total roll inertia 
Total pitch inertia 
iTotal yaw inertia 
Total product Ixz 
Sprung mass weight 
V C M  
VEHICLE CHARACTERIZATION METRICS 
VDANL Parameter Checkout Results 3/14/2004 9:46:17 AM 
GENERAL VEHICLE METRICS - TaurusVCM 
(TOTAL) ^ (RIGHT) (LEFT) 
1146.79 
(UNITS 
1146.79 2293.59 
Ï34Ô66 670.33 670.33 
-66.9 
-67.92 
106.02 
21.35 
22.44 
3634.24 lbs 
ft*lb*sA2 
R*ib*s*2 
Â*îb*s"2 
4 3.45 
2085.79 
2248.20 
ft*lb*sA2 
lbs 
ft*lb*sA2 
Â*îb*sA2 
ft*lb*sA2 
ft*lb*sA2 
in 
Hz 
3242.74 
322.90 S prune roll inertia 
1836.50 Spi ung pitch inertia 
mm g y— :—'ta 
Mil I i iZ 
-5 1 wrt s.c.g. 
1923.86 
Bounce natural frequency 
Bounce damping ratio 
Bounce damped natural frequency 
-41.79 Pitch node loc. wrt s.c. 
iPitch natural frequency 
Pitch damping ratio 
iPitch damped natural frequency 
IRoll natural frequency 
1 Roll damping ratio 
(Roll damped natural frequency 
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METRICS FOR VEHICLE SUSPENSION No. 1 Front - TaurusVCM 
Suspension Description: Independent 
1 (MKTRI(') | (UNITS) (AVLRAGh) | (LEFT) ! (RIGHT) I 
2 L'nvjnirg mass weight > lbs ? 108.09 j 108.09 j 108.09 ! 
3 iUnsprung e.g. height : in 12.30 ( 
•4 (Static loaded tire radius ; in 12.30 | 12.30 12.30 ' 
:5 Track width in 61.56 ! 
o iOverall steering ratio j  Rad/rad 15.97 i  1 ' ! 
:7 Toe change i  deg/in ; 0.17 
-
S iCamber change ; deg/in j  0.35 Ï  
:  -  1  
|9 Spring rate Lb/in 1 151.50 | 151.50 151.50 | 
; i o  iTire rate Lb/in [ 1258.00 j 1258.00 1 1258.00 | 
in Ride rate j  Lb/in i  135.22 j 135.22 135.22 
|12 Roll rate - wheel j  lb*in/deg -14114.14 i  '  .  !  
jl3 :Roll rate - total lb*in/deg -10538.78 1 
i 14 Roll steer Deg/deg I 0.092 (Understeer) 
-
~ 
15 ;Roll center height in ; 5.23 ; -
16 Percent anti-dive/braking ! % ! 30.24 - -
117 Percent anti-lift/accel. t  %  26.82 - -
IS iFront view i.e. - lateral in 11.88 
-
1 9  iFront view i.e. - vertical in 
-
• 
20 Lnsprung bounce natural frequency Hz 11.29 ! 11.29 i 11.29 
2 1  Unsprung bounce damping ratio i 0.24 | 0,24 0.24 
122 ; Unsprung lateral natural Ircqucna Hz 12.93 ' -
,23 iUnsprung lateral damping ratio - 0.70 
- 1  
4 Unsprung roll natural frequency Hz j 12.13 
- -
!25 IUnsprung roll damping ratio : 0.22 f  1  
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METRICS FOR VEHICLE SUSPENSION No. 2 Rear - TaurusVCM 
Suspension Description: Independent 
|1 '(METRIC) (UNITS) j (AVERAGE) (LKf-T) (RIGHT) 
(2 iUnsprung mass weight lbs 87.66 87.66 | 87.66 
(3 [Unsprung e.g. height in j 12.30 | -
[4 {Static loaded tire radius in { 12.30 12.30 12.30 
s 5 Track width in 60.36 -
:6 Toe change deg/in _Ô.Î6 ; 
:7 Camber change deg/in 0.37 - _ 
;8 iSpring rate lb/in 100.00 100.00 100.00 
19 iTire rate lb/in 1258.00 1258.00 : 1258.00 
110 jRide rate lb/in 92.64 92.64 : 92.64 
j 11 {Roll rate - wheel lb*in/deg -9040.08 
-
-
112 ! Roll rate - total lb*in/deg -7373.52 
-
1 
|13 IRoll steer deg/deg -0.083 (Understeer) 
-
114 IRoll center height in 4.23 - -
15 iPercent anti-lift/braking % 11.87 - -
s 16 iPercent anti-squat/accel. % | 0.00 - -
17 riont view i c. - ialeial in 20.04 - -
i 18 Front view i.e. - vertical 
__ 
2.81 
-
-
i 19 (Unsprung bounce natural frequency Hz 12.31 12.31 12.31 
20 iUnsprung bounce damping ratio 
-
0.27 0.27 0.27 
121 iUnsprung lateral natural frequency Hz 17.43 
- -
[22 {Unsprung lateral damping ratio 
-
0.70 
- -
(23 (Unsprung roll natural frequency 11/ 12.66 -
(24 iUnsprung roll damping ratio 
-
0.24 
-
Vehicle Roll Stiffness Distribution - TaurusVCM 
(1 iAxle Location Chassis to Ground (%) I Chassis to Axle (%) 
•2 iFront Axle i 58.84 60.96 
3 Rear Axle 2 41.16 39.04 
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APPENDIX B. 1997 Jeep Cherokee Simulation Model 
This Appendix présentes the Jeep Cherokee vehicle characterization metrics output from 
VDANL. 
Jeep Cherokee Vehicle Charaterterization Metrics 
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V C M  
VEHICLE CHARACTERIZATION METRICS 
VDANL Parameter Checkout Results 3/14/2004 9:35:11 AM 
GENERAL VEHICLE METRICS - Cherokee VCM 
I (Ml-TRIO (UNITS) (TOTAL) | (LEFT) i (RIGHT) | 
2 Ground reaction Axle 1 Front lbs 2188.21 | 1094.10 1094.10 j 
3 Gioi-rtd reaction Axle 2 Rear lbs 1908.58 ' 954.29 1 954.29 | 
4 Axle 1 Front rel. total veh. e.g. in 47.28 j - 1 i 
5 Axle 2 Rear rel. tola! veh e.g. in -54.21 *• 
6 lAxle 1 Front rel. sprung mass e.g. in 46.66 i - ; 
7 iAxle 2 Rear rel. sprung mass e.g. in -54.84 - I 
8 Wheel base in 101 50 1 -
9 Total vehicle e.g. height in 26.80 ; -
10 Sprung mass e.g. height in 29.30 -
11 iTotal weight lbs 4096.79 j -
12 iTotal roll inertia ft*lb*sA2 556.18 j 
Total pitch inertia ft*lb*sA2 1989.23 j 
14 iTotal yaw inertia ft*lb*sA2 2224.00 -
i 15 (Total product Ixz ft*lb*sA2 55.61 1 
16 (Sprung mass weight lbs 3467.93 j -
- -
17 (Sprung roll inertia A*lb*s^2 430.40 
18 Sprung pitch inertia ft*lb*sA2 1607.00 i -
'19 Sprung yaw inertia ft*lb*sA2 1777.39 j -
20 Sprung product Ixz ft*lb*sA2 63.30 - -
21 Bounce node loc. Wrt s.c.g. in 159 65 i -
22 sBuuncc natural frequency Hz 1.28 ; -
23 Bounce damping ratio - 0.21 - -
24 'Bounce damped natural frequency Hz 1.77 { _ 
25 iPitch node loc. wrt s.c.g. in -13.45 | _ 
'26 Pitch ' Lirai frequency Hz 1.42 ; 
27 fitch damping ratio - 0.25 ; 
28 iPitch damped natural frequency Hz 1.95 
29 •Roll natural frequency Hz 1.94 j -
30 ;Roll damping ratio 0.30 i 
-
31 Roll damped natural frequency Hz 1.85 j -
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METRICS FOR VEHICLE SUSPENSION No. 1 Front - CherokeeVCM 
Suspension Description: Solid Axle 
! 
12 
jï 
F 
fi 
7 
!» 
,j9~ 
|Tô 
(ii 
12 
|Ï3 
jl4 
|l6 
f l 7  
|Ï8 
ITs 
I20 
lïl 
|22 
03 
(METRIC) 
Unsprung mass weight 
(Unsprung e.g. height 
Static loaded tire radius 
Track width 
(hcrai. steering ratio 
>Toe change 
(Camber change 
{Spring rate 
|Tire rate 
iRide rate 
IRoll rate - wheel 
Roll rate - total 
{Roll steer 
{Roll center height 
(Percent anti-dive/braking 
{Percent anti-lift/accel. 
IUnsprung bounce natural frequency 
iUnsprung bounce damping ratio 
I 'r sprung lateral natural frequency 
iUnsprung lateral damping ratio 
iUnsprung roll natural frequency 
iUnsprung roll damping ratio 
(UNITS, 
lbs 
in 
in 
in 
rad/rad 
deg/in 
deg/in 
lb/in 
(AVERAGE) 
15721 
(LEFT) 
12.96 
12.96 
157.21 
12.96 
I (RIGHT) 
1 Ï5T2T" 
i " 
"i rz96~ 
lb/in 
lb/in 
lb*in/deg 
lb*in/deg 
57.90 
16.36 
"ô/xT 
0.Ô0 
I5050 
1456.42 * 
136.40 
-8834.66 
-73174? 
150.50 
1456.42" 
136.40 
150.50 
1456.42" 
I3&4Ô 
deg/deg 
in 
""" W 
_ _ _ _ _  
"Hz 
Hz' 
-0.034 (Oversteer) 
18.24 
-13.27 
ÔÔ6 
lorn 
"Ô.2T" 
l5.69^ 
%70^ 
1Ô46" 
IÏ26" 
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METRICS FOR VEHICLE SUSPENSION No. 2 Rear - CherokeeVCM 
Suspension Description: Solid Axle 
T" j(METRIC) jTluNfrsT" | (AVERAGE) "" (LEFT)^r (RIGHT) | 
2 IUnsprung mass weight | lbs ! 157.21 157.21 j 157.21 | 
3 Unsprung e.g. height ! in t 12.96 ! -
4 Static loaded tire radius 1 in j 12.96 12.96 12.96 | 
5 Track width 1 in | 58.10 j 
6 Toe change ; deg/in 0.00 ; 
7 Camber change j deg/in 1 0.00 
-
} 
8 Spring rate j Lb/in 144.08 144.08 i 144.08 
9 Tire rate I Lb/in 1456.42 | 1456.42 ! 1456.42 | 
10 Ride rate | Lb/in i 131.11 131.11 131.11 | 
11 Roll rate - wheel | lb*in/deg -4525.39 i - i = 
12 Roll rate - total j lb*in/deg -4093.65 
;3 Roll steer I Deg/deg -0.019 (Understeer) i 
14 Roll center height 1 | 16.32 j - ] j 
•15 Percent anti-lift/braking [ % j 2.48 ! - i -
16 Percent anti-squat/accel. 1 . % 10.39 [ - ; : 
17 Unsprung bounce natural frequency | Hz | 9.98 
-
1 
! 
18 Unsprung bounce damping ratio [ | 0.23 ; j 
19 iUnsprung lateral natural frequency Hz 11.96 ! ; 
20 iUnsprung lateral damping ratio - 0.70 • j 
'21 iUnsprung roll natural frequency Hz. 12.26 -
22 iUnsprung roll damping ratio - 0.28 ; 
' 
Vehicle Roll Stiffness Distribution - CherokeeVCM 
1 [Axle Location ; Chassis to Ground (%) j Chassis to Axle (%) 
'•2 iFront Axle 1 > 64.13 j 66.13 
^"iRearÀxiëï : 35.87 [ 33^7 
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APPENDIX C. DOM Cherokee Model 
This Appendix présentes the Jeep Cherokee model input file for use with the DOM. 
DOM Jeep Cherokee data file 
Cherokee, dat 
Vehicle : 1997 Jeep Cherokee Sport 
Unit (SI or STANDARD): 
STANDARD 
Total CG tofront axle: a [ft] 
3.94 
Sprung CG to front axle : as [ft] 
3.888 
Total CG to rear axle : b [ft] 
4.5175 
Sprung CG to rear axle : bs_[ft] 
4.57 
Vehicle Track Width: T [ft] 
4.8333333 
VehicleMass: M [slugs] 
127.23 
Front Un-Sprung Mass : MuF [slugs] 
9.774 
81 
Rear Un-Sprung Weight : MuR [slugs] 
9.774 
Total Vehicle CG-Height [ft] 
2.233333 
TireRadius: Also used as HS-cg [feet] 
1 .08  
Roll Ctr Height Front:RCHF [ft] 
1.52 
Roll Ctr Height Rear:RCHR [ft] 
1.36 
Yaw Moment of Inertia: Ixx [slug-ft2] 
2224.0 
Pitch Gain deg/g(has to be neg): 
-4.8 
Pitch Natural Frequency Hz 
1.42 
Pitch Damping Ratio (eta): 
.25 
RollGain (neg) [deg/g]: 
-4.8000 
Roll Natural Frequency [Hz]: 
1.94 
Roll Damping ratio(eta): 
0.30 
Lateral Load Transfer in Front (pbar*100) [%/100]: 
0.596 
Brake Proportioning 
0 . 6  
82 
Front RollSteer [deg/deg] (neg -> oversteer) 
- . 0 2  
Rear RollSteer [deg/deg] (neg -> understeer) 
-.012 
SteeringBoxRatio 
16.36 
SteeringGearCompliance 
.00003338 
AckermanSteering AKC 
.047 
Cornering Stiffness Front : C .alpha ..f [lbs/rad] 
10026.76 
Cornering Stiffness Rear: C..alphajt [lbs/rad] 
10026.76 
Coefficient of Friction 
.85 
TireForce Build-Up Lag (in rolling distance) 
2 . 8  
VDANL Tiremodel: KA0 
-199.2716 
VDANL Tiremodel: KA1 
21.717 
VDANL Tiremodel: KA2 
3435.5648 
VDANL Tiremodel: KMUY 
0.1 
VDANL Tiremodel: KBY1 
-.000079826 
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VDANL Tiremodel: KBY3 
1.0906 
VDANL Tiremodel: KBY4 
-.000000018249 
VDANL Tiremodel: CI 
.36022 
VDANL Tiremodel: C2 
.68521 
VDANL Tiremodel: C3 
.94137 
VDANL Tiremodel: C4 
.33215 
VDANL Tiremodel: C5 
1.2732 
VDANL Tiremodel: G1 Aligningmoment Shaping Parameter 
1.1677 
VDANL Tiremodel: K1 (KM=Kl*Fz) AligningmomentStiffnessvsLoad KM [ft/lbs] 
-0.00013178 
VDANL Tiremodel: TPRES 
33.0 
VDANL Tiremodel: FZTRL MAX Tire Loading 
1874.0 
VDANL Tiremodel: TWIDTH 
6 . 5  
VDANL Tiremodel: RollResis 
-.015 
VDANL Tiremodel: AirDensity 
.00237 
84 
VDANL Tiremodel: Area 
23.88 
VDANL Tiremodel: Longitudinal DragCoefficient CDX 
0.4 
Initial Conditions : yO: uO, rO, phiO, phidotO, vO, XO, YO, chiO, thetaO, thetadotO, 
delta, deltadot, beta, FydO through Fyd3 
73.333333 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Initial Velocities : yOdot: uOdt, rOd, phiOd, phiOdd, vOd, XOd, YOd, chiOd, thetaOd, 
thetaOdd, deltad, deltadd, betad, FyddO through Fydd3 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
SteeringWheelRate 
720 
MaxWheelRate 
900 
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